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differences	 between	MPAs	 and	 fishing	 zones.	 To	 determine	 the	 effects	 on	marine	
dispersal	of	environmental	dissimilarity	between	an	MPA	and	fishing	zone,	we	exam-
ined	the	abundance	and	recruitment	patterns	of	two	anemonefishes	(Amphiprion fre-
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1  | INTRODUCTION
Many	marine	 species	 have	 lifecycles	with	 a	 pelagic	 larval	 phase,	 in	


















shown	 a	 rapid	 decrease	 in	 the	 dispersal	 probability	within	 the	 first	
few	 kilometers	 (Buston,	 Jones,	 Planes,	 &	 Thorrold	 2012;	 D’Aloia,	





barriers.	 Physical	 barriers	 include	 geographic	 distance,	 topography,	
and	 oceanographic	 features,	which	 are	 the	most	 prominent	 factors	














The	 number	 of	 MPAs	 has	 been	 increasing	 rapidly	 around	 the	
world,	and	they	are	used	as	conservation	and	fisheries	management	






zones	 (e.g.,	McCook	et	al.,	 2010;	Mumby	et	al.,	 2006,	 2007;	White,	
1986).	Because	the	target	species	of	MPAs	are	often	large	predatory	
fishes,	 the	 increase	 in	 predator	 abundance	 within	 MPAs	 has	 been	

























cies	 (Amphiprion frenatus	 and	A. perideraion)	 between	 an	MPA	 and	
two	 fishing	 zones	using	a	 field	 survey	and	genetic	parentage	anal-
ysis.	Anemonefish	 are	 low	 trophic	 level	 species	 in	 coral	 reefs,	 and	
their	distribution	patterns	are	easily	monitored	due	 to	 their	 strong	
habitat	association	(i.e.,	anemonefish	inhabit	specific	anemone	spe-
cies).	Genetic	parentage	analysis,	using	highly	polymorphic	markers	
(e.g.,	 microsatellite	 markers),	 was	 recently	 applied	 to	 marine	 sys-
tems,	which	has	allowed	great	progress	in	quantifying	the	dispersal	
patterns	 of	 coral	 reef	 fishes	 (e.g.,	 Bonin	 et	al.,	 2016;	D’Aloia	 et	al.,	












the	 zones.	We	 hypothesized	 that	 lower	 abundance	 per	 anemone,	
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2  | MATERIALS AND METHODS
2.1 | Study species and study site
The	tomato	anemonefish	(Amphiprion frenatus)	and	the	pink	anemone-
fish	 (A. perideraion)	 are	 found	 from	the	eastern	 Indian	Ocean	 to	 the	
western	Pacific	Ocean	 (Fautin	&	Allen,	1992).	The	 two	 fish	 species	





ing	 reefs	 that	 faced	 the	 open	 sea.	 The	 study	 area	 included	 a	 coral	
reef	area	in	two	different	management	zones:	one	was	a	MPA,	which	
has	 been	 maintained	 as	 a	 strict	 no-	take	 zone	 since	 2002	 (Honda,	





(author’s	 personal	 communication).	Based	on	 the	manta	 tow	 survey	
conducted	at	the	study	site	in	March	2013,	the	hard	coral	cover	was	
higher	in	the	MPA	than	in	the	two	fishing	zones,	whereas	coverage	of	






as	snapper	(Lutjanus argentimaculatus,	L. decussatus,	L. fulviflamma,	and	
L. fulvus)	were	significantly	more	abundant	on	coral	reefs	in	the	MPA	
than	 in	 the	 two	fishing	zones	between	March	2011	and	September	








At	 the	site,	 the	target	species,	A. frenatus,	primarily	 inhabited	the	
sea	anemone	Entacmaea quadricolor,	and	A. perideraion	primarily	inhab-
ited	Heteractis crispa.	 On	 some	 occasions,	 the	 former	 also	 inhabited	
H. crispa, H. magnifica,	and	Stichodactyla gigantea,	and	the	latter	inhab-
ited	H. magnifica, S. gigantea, and H. aurora.	Three	other	anemonefishes,	
A. clarkii,	A. ocellaris,	 and	A. sandaracinos,	were	 also	 observed	 around	
the	site.
2.2 | Field survey of anemonefish
In	November	2012,	we	conducted	a	preliminary	survey	by	snorkeling	




































zone p valuea Referencesb
Honda	unpublished	datac n = 40 n = 37d n = 40
Lutjanidae	(Snapper) Lutjanus argentimaculatus 0 6.7	±	36.5 0 0.038	(MPA	>	fishing	
zones)
1
Lutjanus decussatus 5.0	±	19.0 25.7	±	57.3 5.0	±	15.2 0.003	(MPA	>	fishing	
zones)
2
Lutjanus fulviflamma 0 58.3	±	273.9 0 0.003	(MPA	>	fishing	
zones)
1
Lutjanus fulvus 0 1.7	±	9.1 0 0.011	(MPA	>	fishing	
zones)
1
Lethurinidae	(Emperor) Lethrinus atkinsoni 0 0 0 NA 1
Lethrinus harak 0 0 0 NA 1
Lethrinus obsoletus 0 0 0 NA 1
Recamara	(2013)e  n = 0 n = 6 n = 6  





Myripristis	sp.	1 – 6.0	±	5.0 0.5	±	1.2 0.028	(MPA	>	east	
fishing	zone)
3
Myripristis	sp.	2 – 3.0	±	4.7 0 0.176 3
Sargocentron	sp.	1 – 1.5	±	2.8 0 0.176 3
Sargocentron	sp.	2 – 0.2	±	0.4 0 0.405 3
Aulostomidae	
(Trumpetfish)
Aulostomus chinensis – 0.2	±	0.4 0 0.405 3
Fistulariidae	(Cornetfish) Fistularia commersonii – 0.2	±	0.4 0.2	±	0.4 1.000 3
Serranidae	(Groupers) Anyperodon 
leucogrammicus
– 0.7	±	1.0 0 0.174 1
Cephalopholis argus – 4.2	±	3.3 1.3	±	1.2 0.103 1,	4
Cephalopholis boenak – 0.8	±	1.3 0 0.176 1,	5
Cephalopholis cyanostigma – 0.5	±	1.2 0.3	±	0.8 1.000 1,	5
Lutjanidae	(Snapper) Lutjanus argentimaculatus – 0.5	±	1.2 0 0.405 1
Lutjanus decussatus – 1.5	±	1.2 1.0	±	1.3 0.553 2
Lutjanus fulvus – 0.5	±	1.2 0 0.405 1
Labridae	(Wrass) Cheilinus chlorourus – 3.3	±	3.7 3.0	±	2.8 1.000 1
Cheilinus undulatus – 1.0	±	1.6 0 0.174 1
Cheilinus trilobatus – 0 0.2	±	0.4 0.405 4
Halichoeres hortulanus – 4.5	±	6.9 4.5	±	2.4 0.332 4
Hologymnosus doliatus – 0.2	±	0.4 0.2	±	0.4 1.000 1
Thalassoma hardwicke – 11.3	±	5.4 11.2	±	7.5 1.000 4
Thalassoma lunare – 7.2	±	4.3 11.8	±	4.6 0.104 5
Pinguipedidae	
(Sandperch)
Parapercis cylindrica – 1.2	±	1.8 0 0.176 4
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juvenile	(≤30	mm	TL)	abundance	levels	of	target	species	in	accordance	
with	the	classification	of	juveniles	for	the	parentage	analysis	below.
2.3 | Field collection of genetic samples




A. frenatus	 female	and	≥46	mm	for	 its	male,	≥57	mm	for	A. perideraion 
female	 and	 >39	mm	 for	 its	male;	Hattori,	 1991,	 2000)	 as	 “breeders.”	
Individuals	<30	mm	TL	 (≤30	mm	TL)	were	also	 targeted	as	 “juveniles”	
for	both	species	(Berumen	et	al.,	2012).	We	captured	anemonefish	using	



































We	 conducted	 a	 genetic	 parentage	 analysis	 to	 identify	 self-	
recruits	for	each	target	species	using	the	program	COLONY	v.	2.0.5.0	
(Jones	 &	Wang,	 2010).	 This	 program	 implements	 a	 full-	likelihood	
method	 of	 parentage	 analysis	 and	 defines	 the	 a	 priori	 probability	





that	 the	 input	 value	 slightly	 affected	 the	 results	 of	 the	 parentage	
analysis	for	A. perideraion.	Thus,	we	used	0.10	as	a	conservative	sam-
pling	proportion	for	both	species	(D’Aloia	et	al.,	2013).	Other	settings	




Parentage	analyses	were	run	to	test	the	pool	of	juveniles	(n = 125 
for	A. frenatus	and	n	=	324	for	A. perideraion)	against	candidate	mothers	





study	 site	 and	 remaining	 juveniles	 as	 immigrants	 from	 the	 outside,	 
calculating	the	self-	recruitment	rate	as	follows:	
where	S	was	the	number	of	settlers	assigned	to	breeders	in	the	study	
site	 (self-	recruits),	 and	 I	was	 the	number	of	 settlers	not	 assigned	 to	










marker	 number,	 allele	 frequencies,	 and	 an	 assumed	 mating	 matrix.	




2.5 | Directions in dispersal tracks of self- recruits
To	examine	whether	the	self-	recruits	of	A. frenatus	and	A. perideraion 
had	unidirectional	dispersal	patterns,	we	tested	for	differences	in	the	
proportion	of	 juveniles	traveling	east	or	west	along	the	coast.	 If	the	
predominant	 currents	 had	 unidirectional	 patterns	 along	 the	 coast	





















and	 near-	bottom	 current	 measures	 were	 used.	 The	 measurements	





We	 first	 tested	whether	 the	 (1)	 total,	 (2)	 juvenile	 (≤30	mm	TL),	 and	




density	 (fish/100	m2)	 in	 each	 zone	was	 strongly	 correlated	with	 the	










































3.1 | Distribution patterns of anemonefish
From	 May	 to	 July	 2013,	 we	 found	 a	 total	 of	 462	 individuals	 of	
Amphiprion frenatus	 and	 208	 individuals	 of	 its	 host	 sea	 anemone	
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species,	 and	 1,205	 individuals	 of	A. perideraion	 and	 1,318	 individu-
als	 of	 its	 host	 sea	 anemone	 species	 (including	 anemone	 individu-
als	without	anemonefish)	at	 the	study	site.	The	occurrences	of	both	
anemonefishes	were	observed	 in	depth	 ranges	of	1.0–12.0	m.	Both	
anemonefish	densities	were	higher	 in	 the	western	and	eastern	 fish-
ing	 zones	 (0.42	 and	 0.36	fish/100	m2	 for	 A. frenatus;	 1.43	 and	
0.80	fish/100	m2	for	A. perideraion)	than	in	the	MPA	(0.23	fish/100	m2 
for	A. frenatus;	0.42	fish/100	m2	for	A. perideraion).	The	host	anemone	
densities	were	 also	 higher	 in	 the	 two	 fishing	 zones	 (0.19	 and	 0.16	
anemone/100	m2	for	A. frenatus;	1.13	and	1.18	anemone/100	m2	for	




3.2 | Variation in abundance per sea anemone 
between zones and between species
The	 total	 abundance	 level	 per	 sea	 anemone	 of	 both	 anemonefishes	


















A. perideraion,	 respectively	 (Table	 S2).	 A	 deviation	 from	 the	 Hardy–
Weinberg	equilibrium	was	detected	 for	one	 locus	of	A. frenatus	 and	







The	FST	was	low	and	not	significant	for	both	species	(FST = 0.0006 




The	 parentage	 analysis	 revealed	 that	 19	 A. frenatus	 and	 46	
A. perideraion	 juveniles	 were	 assigned	 to	 breeders	 within	 the	
study	 area,	 indicating	 that	 the	 percentages	 of	 self-	recruitment	
were	 15.2%	 (19	 self-	recruits/125	 total	 juveniles)	 for	 A. frenatus 
and	14.2%	 (46	self-	recruits/324	total	 juveniles)	 for	A. perideraion 
at	 the	 study	 site.	 Of	 these	 individuals,	 four	A. frenatus	 individu-
als	and	15	A. perideraion	individuals	were	recruited	from	the	MPA,	




0.8%	 chance	of	 a	Type	 II	 error	 (probability	 of	 falsely	 excluding	 a	
parent	when	it	was	in	the	sample)	for	A. frenatus	and	A. perideraion,	
respectively.	The	 observed	 dispersal	 distance	 ranged	 from	56	 to	
1003	m	for	A. frenatus	 and	6	 to	1,231	m	for	A. perideraion.	Of	all	
assigned	juveniles,	47.3%	of	A. frenatus	and	80.4%	of	A. perideraion 
were	 assigned	 to	 a	 breeder	 pair,	whereas	 the	 remaining	 propor-
tion	included	assignments	to	a	single	breeder.	The	106	A. frenatus 









No. of habitats 
(anemones)
Density of anemonefish 
(anemonefish 100 per m2)
Density of habitats 
(anemone 100 per m2)
A. frenatus
West	fishing	zone 43,463 181 82 0.42 0.19
MPA 48,568 113 50 0.23 0.10
East	fishing	zone 46,988 168 76 0.36 0.16
A. perideraion
West	fishing	zone 43,463 623 493 1.43 1.13
MPA 48,568 204 270 0.42 0.56
East	fishing	zone 46,988 378 555 0.80 1.18
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3.5 | Larval dispersal and dominant currents






relatively	 weak	 currents	 during	 the	 middle	 of	 the	 measurement	
period,	 strong	 currents	 directed	 toward	 the	 northeast	 were	 ob-
served	during	the	beginning	and	end	of	the	period.	However,	we	
found	no	specific	patterns	of	 larval	dispersal	 in	 the	east	or	west	
direction	 for	 both	 species	 (p =	1.000	 for	A. frenatus,	p =	.184	 for	
A. perideraion).
3.6 | Variation in numbers of recruits per sea 
anemone and self- recruit production per female 
between zones and between species
The	numbers	of	recruits	(juveniles)	from	the	fishing	zones	and	from	
outside	of	the	study	area	per	anemone	were	significantly	different	
between	 the	 two	 zones	 and	 between	 the	 two	 species	 (Table	4).	
For	 both	 species,	 the	 number	 of	 recruits	 from	 the	 fishing	 zones	
and	from	outside	of	the	study	area	was	significantly	 lower	at	each	
anemone	 in	 the	MPA	 than	 at	 each	 anemone	 in	 the	 fishing	 zones	

















df Coefficient Deviance p- value
Total	abundance	(n	=	1525)
Zone 1 −0.341 4.608 .032
Species 1 −0.582 102.620 <.001
Zone	×	Species 1 1.848 .174
Intercept 3.541
Juvenile	abundance	(n	=	1525)
Zone 1 −0.340 7.063 .008
Species 1 −0.480 27.768 <.001
Zone	×	Species 1 −0.538 3.858 .0495
Intercept 2.257
Adult	abundance	(n	=	1525)
Zone 1 −0.232 3.194 .074
Species 1 −0.589 76.895 <.001
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An	 important	 point	 to	 consider	 is	whether	 these	 results	were	
largely	 due	 to	 biological	 factors,	 including	 top-	down	 control	 and	
habitat	heterogeneity,	or	to	other	physical	factors.	One	physical	fac-
tor	could	be	that	ocean	circulations	around	the	study	site	may	have	
resulted	 in	 lower	 number	 of	 recruits	 and	 thus	 a	 lower	 abundance	
per	habitat	 for	anemonefish	 in	the	MPA	than	 in	the	fishing	zones.	




dispersing	 in	 both	 directions	 in	 similar	 proportions.	Therefore,	 al-
though	we	 cannot	 exclude	 the	 possibility	 that	 directions	 of	 larval	







zone:	 Lutjanus argentimaculatus,	 L. decussatus,	 L. fulviflamma,	 and	
L. fulvus;	the	lizardfish	Saurida gracilis,	and	the	squirrelfish	Myripristis 
sp.	1.	 Some	of	 these	 species,	 such	as	L. decussatus,	L. fulviflamma, 
lizardfish,	 and	 squirrelfish,	 are	 known	 to	 consume	 recruit-	sized	
fishes	 (Connel,	1998;	Holbrook	&	Schmitt,	2002,	2003;	Holmes	&	
McCormick,	2006;	A.	Nanami,	 personal	 communication).	 It	 is	 pos-
sible	 that	 the	higher	density	of	 these	species	 in	 the	MPA	contrib-
utes	 to	top-	down	control	of	 recruits	of	anemonefish	there.	Elliott,	
Elliott,	 and	Mariscal	 (1995)	 have	 reported	 high	 predation	mortal-




(2012)	 has	 found	 that	 settling	 juvenile	 anemonefish	 select	 low-	
predation-	risk	 habitat	 over	 high-	risk	 habitat	 using	 olfactory	 cues,	
thus	suggesting	 that	 larvae	may	avoid	MPAs,	where	predators	are	
abundant.	Although	 it	 is	 rare	 to	 detect	 top-	down	 control	 in	 coral	
reef	MPAs	(e.g.,	Babcock	et	al.,	2010;	Emslie	et	al.,	2015),	previous	
studies	have	 reported	a	 lower	density	of	 small	 coral	 reef	 fishes	 in	
no-	take	 zones	 or	MPAs	 than	 in	 fishing	 zones,	 mainly	 due	 to	 tro-
phic	 interactions	 (e.g.,	Boaden	&	Kingsford,	2015;	Graham,	Evans,	
&	Russ,	2003).	These	 two	studies	also	 found	no	significant	differ-
ences	 in	 the	habitat	 structure	 (e.g.,	 live	 coral	 cover	 and	 structural	
complexity)	between	the	zones,	and	these	conditions	in	the	absence	















df Coefficient Deviance p- value
No.	of	recruits	from	fishing	zones	(n	=	1,525)
Zone 1 −1.256 5.842 .016
Species 1 −0.780 5.222 .022
Zone	×	Species 1  0.285 .594
Intercept 0.201
No.	of	recruits	from	MPA	(n	=	1,525)
Zone 1 −0.006 0.000 .991
Species 1 −0.427 0.633 .426
Zone	×	Species 1  3.041 .081
Intercept −1.062
No.	of	recruits	from	outside	(n	=	1,525)
Zone 1 −0.658 6.882 .009
Species 1 −0.595 24.549 <.001
Zone	×	Species 1  3.701 .054
Intercept 2.135
No.	of	self-	recruit	production	(n	=	384)
Zone 1 0.219 0.423 .516
Species 1 0.506 3.089 .079
Zone	×	Species 1  2.672 .102
Intercept −6.693







strongly	 correlated	with	 the	 anemone	 density.	We	 think	 that	 our	
comparisons	ruled	out	the	confounding	effects	of	anemone	density	
by	focusing	on	the	anemonefish	abundance	per	anemone.
Another	potential	mechanism	 is	 that	 the	 lower	density	of	 the	
host	sea	anemones	in	the	MPA	than	in	the	fishing	zones	may	have	
caused	 lower	 recruitment	 per	 anemone	 of	 anemonefish	 in	 the	
MPA.	 Some	 studies	 using	 field	 and	 laboratory	 experiments	 have	
found	 that	 settling	 juvenile	 anemonefish	 strongly	 prefer	 particu-
lar	 host	 species	 of	 anemone	 (Dixson,	 2012;	 Dixson	 et	al.,	 2008;	
Elliott	et	al.,1995).	Therefore,	a	higher	host	anemone	density	in	the	
fishing	 zones	may	 attract	more	 recruits	 of	 target	 anemonefishes	
and	 result	 in	 higher	 number	 of	 recruits	 per	 anemone	 than	 in	 the	
MPA.	The	 anemones	 are	 probably	 present	 at	 a	 higher	 density	 in	
the	 fishing	 zones	 because	 of	 less	 live	 coral	 cover	 that	 competes	
with	 sea	 anemones	 for	 space.	The	 low	 coral	 cover	 in	 the	 fishing	
zone	is	thought	to	be	due	to	past	destructive	fishing	at	the	study	
site.	 Overall,	 top-	down	 control	 and/or	 a	 lower	 host	 anemone	
density	 in	 the	MPA	are	probable	 factors	 that	account	 for	 the	ob-











zones	may	be	attributed	 to	persistent	 lower	 recruitment	 into	 the	
MPA	throughout	the	year.
Although	 the	 number	 of	 recruits	 from	 the	 fishing	 zones	 and	
outside	of	the	study	site	per	anemone	differed	between	the	zones,	
those	 from	 the	MPA	 per	 anemone	 and	 the	 number	 of	 self-	recruit	
production	 per	 female	 did	 not	 differ	 between	 them.	The	 effect	 of	




marine	organisms	 (Nakaoka,	 2000;	Richardson	 et	al.,	 2011)	 but	 do	
not	appear	 to	be	 the	crucial	 for	 the	self-	recruitment	production	of	




tion	 in	 the	habitat	density	between	 the	 two	 zones	was	unlikely	 to	
have	caused	a	difference	 in	the	reproductive	success	of	the	anem-
onefish.	Therefore,	top-	down	effects	and/or	a	lower	habitat	density	
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Our	results	indicate	that	the	dispersal	distance	of	self-	recruits	was	














vironmental	 dissimilarity	between	MPAs	and	 fishing	 zones	 is	 often	
observed	 (e.g.,	 Babcock	 et	al.,	 2010;	Graham	 et	al.,	 2003;	McCook	




population	 of	 small	 coral	 reef	 fish	 (e.g.,	 anemonefish,	 the	 Banggai	
cardinalfish,	and	mandarinfish;	Shuman,	Hodgson,	&	Ambrose,	2005;	
Vagelli,	2008;	reviewed	in	Thornhill,	2012).	If	the	protection	of	such	




frees	 them	 from	both	 strong	 top-	down	and	aquarium	 fishing	pres-
sure	while	enhancing	their	habitat	quality.	Networks	of	MPAs	have	
been	widely	established	 to	enhance	connection	among	MPAs	 (e.g.,	
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